A reaction mechanism for cyclohexane (cyC 6 H 12 ) is developed to study its oxidation at both low and high temperatures, including PAH formation. Based on values of rate coefficients available in literature, uncertainty analyses has been performed for each reaction class included in the mechanism, and the optimum values are implemented in the cyC 6 H 12 sub-mechanism. Furthermore, reactions of bi-cyclic ethers and cylohexanone decompositions via further dehydrogenation steps and ring-opening leading to smaller olefins and ketone radicals were implemented. Thermochemical properties of the main species of the low-temperature sub-mechanism are determined by applying the group additivity method of Benson. The properties of some new Benson's groups, including ring corrections for cycling species were estimated. The ignition delay data from rapid compression machines (RCM) and shock tube experiments and also laminar flame speed data have been used for the model validation. The concentration profiles of the soot precursor species from burner-stabilized premixed flames experiments at different pressures and temperatures are well predicted by the current model.
I. Introduction
YCLOALKANES (naphthenes) are an important chemical class of hydrocarbons found in diesel (up to 35%), kerosene (~20%) and gasoline (~10%), which affects the ignition quality of the fuel. Also cycloalkanes can raise soot emission levels because they are known to dehydrogenate and produce aromatics which can initiate the chain reaction for the production of polycyclic aromatics to soot formation and growth. The combustion of cyclohexane (CHX, cyC 6 H 12 ), the base simplest cycloalkanes, has been intensively investigated. Table 1 summarizes the data-pool used in this study to develop the reaction mechanism. It shows the conditions of key experiments [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] as well as the experimental setup used to obtain these data. Despite these investigations on cyclohexane oxidation, the published primary reaction classes and their reference kinetic parameters show significant discrepancies. The uncertainty factor of reaction rate coefficients, ∆ log( ), for these reaction classes can reach almost 10.
The principal products of the cyclohexane pyrolysis were studied by Tsang in 1978 25 in shock tube experiments. Ethylene, 1,3-butadiene, and 1-hexene were identified as the main pyrolysis products. One of the first studies of low temperature chemistry of cyC 6 H 12 oxidation was performed by Zeelenberg and Bruijn 26 which analyzed the primary products of the slow oxidation of cyclohexane during the induction period at low temperature and low pressure. A further investigation of the low temperature oxidation with extensive analyses of various reaction paths was undertaken by Klaï and Baronnet. 27 In the present work the high temperature scheme is developed further through extended cascading dehydrogenation steps and the low temperature chain propagation scheme includes formation of cyclohexanone and three bicyclic ethers and their decomposition paths. The required thermochemical properties specifically for lowtemperature species, which have more complex structures, are revised and evaluated, applying Benson's additivity method with new available updates of Benson's groups 33 and ring corrections. 
II. Kinetic Model
The reaction mechanism has been developed for high and low temperature oxidation of cyclohexane using the base model of DLR (C 0 -C 4 kinetic model 31 combined with a PAH formation sub-model 31, 32 ). During the cyclohexane mechanism development, the generic reactions for both regimes (high and low temperature) of the cyclo-hydrocarbon oxidation are determined. The cyclohexane high temperature oxidation ( Fig.1) proceeds through: 1) unimolecular fuel decomposition 2) H-atom abstraction leading to cycloalkyl radical, cyC 6 H 11 3) cyC 6 H 11 β-scission decomposition, producing olefins and di-olefins 4) cascading dehydrogenation leading to benzene and smaller radicals 5) isomerization and decomposition of linear hexenyl radicals after the ring-opening step. The low temperature cyclohexane oxidation can be described with the general scheme for the low temperature oxidation of acyclic alkanes, but with the formation of intermediate species with 2 rings, specifically bi-cyclic ethers and cyclic ketones (Fig.2) . The low temperature oxidation proceeds through : 1) cyC 6 The actual uncertainty levels of the main reaction rate coefficients have been analyzed, based on the data collected from literature. On these grounds the optimum values for each reaction have been evaluated and applied in the mechanism. The statistical treatment of the rate coefficient goes through certain number of available data is based on the least-squares regression. We used the non-linear least squares method and its numeric realization FUMILI. 40 This linearizes model and approximates the data of "m" observations with a model of "n" unknown parameters (m > n). The evaluation of parameters is obtained, minimizing an objective function. An in house developed tool, written by DLR (German Aerospace Center) at Stuttgart was used for this aim. Fig.3 shows an example of uncertainty estimation and analysis for one of the reactions of high temperature regime, abstracting a hydrogen atom from cyclohexane molecules by O atom, initiating cyclohexane radicals. Table 2 represents the applied reaction rates and calculated uncertainty factors for lower (F l ) and upper (F u ) boundaries. Statistical uncertainty analysis is limited to the number of available data sets (observation). Therefore this was not performed for certain reactions, due to the lack of data. Estimation of the thermodynamic properties for certain species, including new species, was done based on the Benson's additivity method, with the updates and corrections especially for cyclic and bicyclic structures, reported in previous work of the authors. 33 Approximation of the NASA-polynomial function was also done, utilizing an inhouse developed FORTRAN code, written by DLR (German Aerospace Center) at Stuttgart. The transportation properties were also extended using group contribution method of. 
III. Results and discussion
The behaviour of the high and low temperature cyclohexane oxidation model was validated and optimized based on a) the simulation of ignition delay times over the temperature range of 650-1700K at various equivalence ratios and pressure ranges, b) Experimental data from Rapid Compression Machines (RCM) 11, 20 and shock tubes (ST) 21 and c) laminar flame speed data 12 at standard room pressure and temperature. PAH formation was observed in laminar premixed cyclohexane flames, 6, 16, 22 see Table2 for details. The full sets of simulated data will be extensively presented in the full version of this work. In the following we present data in order to investigate the behaviour of the reaction model in high and low temperature range, at different pressures and at different compositions. 
A. Ignition-delay-time
The simulation of experimental data for ignition delay times of 11 and 20 from Rapid Compression Machine (RCM) in the temperature range 650-900 K at 8 atm and 20 atm pressure are shown in Fig4. The measured data are reproduced successfully and under predicted uncertainty for the experimental data. However the negative temperature effects and the uprising of ignition delay time around 770-780 K, observed in both sets around, was not predicted by the model. With increase of temperature the direction of cyC 6 H 11 +O 2 = cyC 6 H 11 OO changes and the equilibrium will be shifted to the left side, which leads to the negative temperature behaviour. As a result, production of cycloalkyl radicals increases and consequently the level of olefins raises. Due to the implemented values for reaction rate constants in this sub-mechanism and thermodynamic properties provided by this model, existence of any turning point in the direction of the mentioned equilibrium in 700-800K is not foreseen. Our further investigation shows that implementation of other suggested rate coefficients in literature in our sub-model, does not show any improvement in this case. Which other reaction paths are playing the key roles and could be applied in the model, would be one of the aims of our future cyclohexane kinetic research. 
B. Laminar-flame-velocity
The flame speed values reported in 23 at p=1 atm and in elevated temperature of 473K were also used for validation. The results are presented in Fig.6 . As it can be seen for φ=0.5-1.3 the simulation shows a perfect consistency with experimental data; as the ratio of fuel to oxidizer grows, the predicted values deviate slightly from experiment, however this should be taken into the account that the level of uncertainty of experiment grows, as the mixture goes richer.
C. Concentration profiles
Results of modeling the mole fraction profiles of some of the important PAH precursors, C 3 H 6 , cyC 5 H 5 , cyC 5 H 6 , cyC 6 H 9 and C 6 H 6 (Or A1, benzene) 6, 16 at p=30 Torr and φ=1.0 are shown in Fig.7a -k. Simulated and experimental values are in a proper consistency with each other. Concentrations of cyC 5 H 5 and C 3 H 6 are over-predicted (see Fig.7g-h) . Meanwhile, the concentration of C 6 H 6 is by order of 10 is under estimated (Fig.7j) . Also concentration of cyC 6 H 9 , predicted by the model is one order of magnitude above the observed values (Fig.7k) . This means the model does not predict the sooting as high as observed by 16 , which sounds reasonable due to the low pressure of 30 Torr, stoichiometric condition of the premix flame, uncertainty of the temperature and location measurements. The fuel-rich premixed flame (φ=2.33) of 22 was also simulated in atmospheric pressure and the concentration of the major species were compared with reported profiles. Fig.8a-i show these comparisons. The concentration profiles for reactants (cyC 6 H 12 , O 2 ), major products (CO, CO 2 , H 2 , CH 4 and C 2 H 2 ) (see Fig.8a-d) and also for certain intermediates such as C 2 H 2 , C 4 H 6 and C 3 H 4 are excellently reproduced by the model. However, mole fractions of C 3 H 6 and cyC 5 H 6 are by factors around 3 and 10 respectively are over predicted. Unlikely to the previous data set of 16 , where the mole fraction of C 6 H 6 was considerably under estimated, here the concentration of benzene is described around 10 times higher than observed in 22 . Fig.8i shows the concentration profiles for C 4 H 2 and C 4 H 4 . The former is simulated higher than measured values by a factor 10 and the latter is significantly under experimental data. Investigating on the reasons for these mismatches could be a part of the further researches. 
IV. Conclusions
A skeletal reaction mechanism for low and high temperature cyclohexane oxidation with PAH formation is reported. This mechanism is an extension of the DLR hydrocarbon reaction database by including the cycloalkane oxidation sub-model. The development of the mechanism was based on the data consistency and uncertainty analysis among the available literature data. The reaction model was successfully validated against experimental data for ignition delay times measured in rapid compression machines and shock tube experiments. Also, laminar flame specifications at low and atmospheric pressure and in stoichiometric and fuel-rich conditions were successfully validated. The important features of this mechanism are the new extended paths for both high and low temperature sub-mechanisms and its ability to predict the auto-ignition behavior in different conditions, as well as the laminar flame properties. The chemical pathways leading to intermediates and formation of PAH are well understood.
